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FRHIILFLHQWRIJDVVROLG7KHIUHTXHQWO\XVHGFRUUHODWLRQVUHIHUWR6\DPODODQG2¶%ULHQ>@*LGDVSRZ>@DQG:HQDQG
<X>@ZRUNV7KHK\GURG\QDPLFVVWXG\RIWZRGLPHQVLRQDOIOXLGL]HGEHGUHDFWRUVLVFRPPRQO\XVHGWRXQGHUVWDQG
WKHSURGXFWLRQRIEXEEOHVDQGWRSURYLGHDQRYHUYLHZRIWKHIOXLGL]DWLRQSURFHVV7KLVDUWLFOHGHDOVZLWKWZRFDVHVWKH
ILUVWFDVHLVD'VLPXODWLRQRIDEXEEOLQJIOXLGL]HGEHGUHDFWRUWRXQGHUVWDQGWKHEHKDYLRURIJDVVROLGIORZDQGWKH
EXEEOHV SURGXFWLRQ WKH VHFRQG RQH FRQFHUQV WKH KHDW WUDQVIHU EHWZHHQ IOXLGL]HG EHG DQG D KHDWHG VXUIDFH 7KH
VRIWZDUH$16<6)/8(17UHOKDVEHHQXVHGDVIOXLGG\QDPLFVVROYHU

1RPHQFODWXUH
&' GUDJFRHIILFLHQWdimensionless
FS KHDWFDSDFLW\ܬ ሺ݇݃ܭሻΤ 
GV SDUWLFOHGLDPHWHUm
HVV UHVWLWXWLRQFRHIILFLHQWdimensionless
റ݃ JUDYLW\DFFHOHUDWLRQ݉ ݏଶΤ 
଴ǡୱୱ UDGLDOGLVWULEXWLRQIXQFWLRQdimensionless
h VSHFLILFHQWKDOS\ܬ ݇݃Τ 
ܫ Ӗ LGHQWLW\WHQVRUdimensionless
ଶୈ VHFRQGLQYDULDQWRIWKHGHYLDWRULFVWUHVVWHQVRUdimensionless
஀ୱ GLIIXVLRQFRHIILFLHQWIRUJUDQXODUHQHUJ\݇݃Ȁሺݏ݉ሻ
ܭ௚௦ JDVVROLGPRPHQWXPH[FKDQJHFRHIILFLHQW݇݃ ሺ݉ଷݏሻΤ 
݌ SUHVVXUHPa
݌௦ VROLGSUHVVXUHPa
Pr 3UDQGWOQXPEHUdimensionless
ݍറ KHDWIOX[ܹ ݉ଶΤ 
5H 5H\QROGVQXPEHUdimensionless
T WHPSHUDWXUHK
W WLPHs
u YHORFLW\݉ ݏΤ 
ݒറ YHORFLW\YHFWRU݉ ݏΤ 

*UHHNOHWWHUV
Ƚ୥ୱ KHDWWUDQVIHUFRHIILFLHQWJDVVROLGܹ ሺ݉ଶܭሻΤ 
ߙ YROXPHWULFLQWHUSKDVHKHDWWUDQVIHUFRHIILFLHQWܹ ሺ݉ଷܭሻΤ 
ɀ஀୫ FROOLVLRQGLVVLSDWLRQRIHQHUJ\݇݃ ሺݏଷ݉ሻΤ 
ߝ YROXPHIUDFWLRQdimensionless
Ʉ G\QDPLFYLVFRVLW\݇݃ ሺ݉ݏሻΤ 
ߢ WKHUPDOFRQGXFWLYLW\ܹ ሺ݉ܭሻΤ 
߆ JUDQXODUWHPSHUDWXUH݉ଶ ݏଶΤ 
ɉ EXONYLVFRVLW\݇݃ ሺ݉ݏሻΤ 
ߤ VKHDUYLVFRVLW\݇݃ ሺ݉ݏሻΤ 
ߩ GHQVLW\݇݃ ݉ଷΤ 
߬Ӗ VWUHVVWHQVRUPa
Ȱ୥ୱ WUDQVIHUUDWHRINLQHWLFHQHUJ\݇݃ ሺݏଷ݉ሻΤ 
߱ FRQVWDQWRIHTXDWLRQ
5 EHGH[SDQVLRQUDWLRdimensionless 

6XEVFULSWV

E EHG
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% EXEEOH
J JDV
P PL[WXUH
V VROLG
PI PLQLPXPIOXLGL]DWLRQ
VXS VXSHUILFLDO

&RPSXWDWLRQDOPRGHO
7KHVLPXODWLRQVKDYHEHHQSHUIRUPHGVROYLQJWKHPDVVPRPHQWXPDQGHQHUJ\FRQVHUYDWLRQHTXDWLRQVXVLQJILQLWH
YROXPHWHFKQLTXH7KHVROLGVWUHVVWHUPVKDYHEHHQFORVHGXVLQJWKHNLQHWLFWKHRU\RIJUDQXODUIORZZKLFKFRQVLGHUV
WKH FRQVHUYDWLRQ RI VROLG IOXFWXDWLRQ HQHUJ\ 5HSRUWHG EHORZ LV D VXPPDU\ RI JRYHUQLQJ UHODWLRQV 5HIHU WR
QRPHQFODWXUHIRUWKHPHDQLQJRIV\PEROVLQSDUWLFXODUİ LVWKHYROXPHIUDFWLRQDQG୥ୱLVWKHPRPHQWXPH[FKDQJH
FRHIILFLHQW7KLVWHUPGHVFULEHVWKHH[FKDQJHGIRUFHVEHWZHHQPRUHSKDVHV
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Mass conservation equations of gas phase (g) and solid phase (s) 
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Momentum conservation equations of gas phase (g) and solid phase (s) 
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Energy conservation equationsof gas phase (g) and solid phase (s) 
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Transport equation for the solid phase granular temperature 
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ܤ ൌ ߝ௚ଶǤ଺ହSHUߝ୥ ൐ ͲǤͺͷ
&RQVWLWXWLYH(TXDWLRQV
6ROLGSKDVHVWUHVVWHQVRU
*LGDVSRZ&DRDQG$KPDGL>@
߬Ӗ௦ ൌ ߝ௦ߤ௦ሺ׏ݒറ௦ ൅ ׏ݒറୱ୘ሻ ൅ ߝ௦ ൬ߣ௦ െ
ʹ
͵
ߤ௦൰ ׏ ή ݒറ௦ܫ Ӗ
5DGLDOGLVWULEXWLRQIXQFWLRQ>@
଴ǡୱୱ ൌ ൥ͳ െ ቆ
ߝ௦
ߝ௦ǡ௠௔௫
ቇ
ଵ ଷΤ
൩
ି૚

'LIIXVLRQFRHIILFLHQWRIJUDQXODUWHPSHUDWXUH
6\DPODO2¶%ULHQ>@
஀ୱ ൌ
ͳͷୱߩ௦ߝ௦ඥ߆௦ ή ߨ
ͶሺͶͳ െ ͵͵ ή Ʉሻ
൤ͳ ൅
ͳʹ
ͷ
ɄଶሺͶɄ െ ͵ሻߝ௦଴ǡୱୱ ൅
ͳ͸
ͳͷߨ
ሺͶͳ െ ͵͵ɄሻɄߝ௦଴ǡୱୱ൨
ZLWK
Ʉ ൌ
ͳ
ʹ
ሺͳ ൅ ୱୱሻ
&ROOLVLRQGLVVLSDWLRQHQHUJ\
/XQHWDO>@

ɀ஀ୱ ൌ
ͳʹሺͳ െ ୱୱଶ ሻ଴ǡୱୱ
ୱξɎ
ߩ௦ߝ௦ଶ߆௦
ଷ ଶΤ 

7UDQVIHURINLQHWLFHQHUJ\>@
Ȱ܏ܛ ൌ െ͵୥ୱȣୱ
6ROLGSUHVVXUH>@
ܛ ൌ ߝ௦ߩ௦ȣୱ ൅ ʹߩ௦ሺͳ ൅ ݁௦௦ሻߝ௦ଶ଴ǡୱୱ߆௦
6ROLGVKHDUYLVFRVLW\>@
ߤୱǡୡ୭୪ ൌ
Ͷ
ͷ
ߝ௦ߩ௦ୱ଴ǡୱୱሺͳ ൅ ݁௦௦ሻ ൬
߆௦
ߨ
൰
ଵ ଶΤ

6ROLGIULFWLRQDOYLVFRVLW\
6FKDHIIHU>@
ߤୱǡ୤୰ ൌ
ୱȰ
ʹඥଶୈ



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
.LQHWLFYLVFRVLW\
6\DPODO2¶%ULHQ>@
ߤୱǡ୩୧୬ ൌ
ߝ௦ߩ௦ୱඥ߆௦ߨ
͸ሺ͵ െ ݁௦௦ሻ
൤ͳ ൅
ʹ
ͷ
ሺͳ ൅ ݁௦௦ሻሺ͵݁௦௦ െ ͳሻߝ௦଴ǡୱୱ൨
%XONYLVFRVLW\
/XQHWDO>@
ߣ௦ ൌ
Ͷ
͵
ߝ௦ߩ௦ୱ଴ǡୱୱሺͳ ൅ ݁௦௦ሻ ൬
߆௦
ߨ
൰
ଵ ଶΤ

,QWHUSKDVHKHDWH[FKDQJH
*XQQ>@

ܰݑ ൌ
ఈ೒ೞௗೞ
఑೒
ൌ ൫͹ െ ͳͲߝ௚ ൅ ͷߝ௚ଶ൯൫ͳ ൅ ͲǤ͹ܴ݁௦଴Ǥଶܲݎଵ ଷΤ ൯ ൅ ൫ͳǤ͵͵ െ ʹǤͶߝ௚ ൅ ͳǤʹߝ௚ଶ൯ܴ݁௦଴Ǥ଻ܲݎଵ ଷΤ 
9ROXPHWULFLQWHUSKDVHKHDWWUDQVIHUFRHIILFLHQW>@
ߙ ൌ
͸൫ͳ െ ߝ௚൯
݀௦
ߙ௚௦


&RQVWLWXWLYHHTXDWLRQVDUHUHTXLUHGWRFORVHWKHSUREOHP,QWKLVZRUNWKH6\DPODO2¶%ULHQPRGHOKDVEHHQFKRVHQ
IRU WKH PRPHQWXP H[FKDQJH FRHIILFLHQW 7KH WUDQVSRUW HTXDWLRQ IRU WKH VROLG SKDVH JUDQXODU WHPSHUDWXUH LV
FKDUDFWHUL]HG E\ WZR LPSRUWDQW TXDQWLWLHV WKH UDGLDO GLVWULEXWLRQ IXQFWLRQ ଴ǡୱୱ  ZKLFK UHSUHVHQWV WKH FRQWDFW
SUREDELOLW\ EHWZHHQ WKH SDUWLFOHV DQG WKH JUDQXODU WHPSHUDWXUH߆ GHILQHG DV RQHWKLUG RI WKHPHDQ VTXDUH SDUWLFOH
YHORFLW\ IOXFWXDWLRQV 7KH VKHDU YLVFRVLW\ߤ௦RI VROLG SKDVH LQFOXGHV D FROOLVLRQDOߤ௦ǡ௖௢௟  IULFWLRQDOߤ௦ǡ௙௥ DQG NLQHWLF
ߤ௦ǡ௞௜௡ FRPSRQHQW 7KH FRUUHODWLRQ IRU PRPHQWXP H[FKDQJH FRHIILFLHQW DQG RWKHU FRQVWLWXWLYH HTXDWLRQV DUH
VXPPDUL]HGLQWDEOH
2.1. Effective thermal conductivities  
,Q D VLPXODWLRQ RI WKH KHDW WUDQVIHU IURP D IOXLGL]HG EHG WR DZDOO 6\DPODO DQG*LGDVSRZ >@ ILQG QHFHVVDU\ WR
FRQVLGHUVROLGVSKDVHFRQGXFWLYHKHDWIOX[WREHDEOHWRFDOFXODWHEHGWRZDOOKHDWWUDQVIHUFRHIILFLHQWVFRPSDUDEOHWR
H[SHULPHQWDOPHDVXUHPHQW>@
$FFRUGLQJ WR WKH =HKQHU DQG 6FKOQGHU >@ PRGHO WKH HIIHFWLYH WKHUPDO FRQGXFWLYLW\ FDQ EH H[SUHVVHG LQ WKH
IROORZLQJZD\
Ɉୠ୥ ൌ ൫ͳ െ ඥͳ െ ߝ௚൯Ɉ୥୫  
Ɉୠୱ ൌ ඥͳ െ ߝ௚ሾɘ ൅ ሺͳ െ ɘሻሿɈୱ୫   
ZKHUH
ܥ ൌ ଶ
ଵିೌ್
൥ ௔ିଵ
ቀଵି್ೌቁ
మ
௕
௔
݈݊ ௔
௕
െ ௕ିଵ
ଵି್ೌ
െ ͲǤͷሺܾ െ ͳሻ൩  
ܽ ൌ Ɉ௦௠ Ɉ௚௠Τ   
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ܾ ൌ ͳǤʹͷ ൬
ଵିఌ೒
ఌ೒
൰
ଵ଴ ଽΤ
   
ɘ ൌ ͹Ǥʹ͸ ή ͳͲିଷ   
 
,QFRQFOXVLRQWKHUHODWLRQV
Ɉ୥ ൌ
சౘౝ
ఌ೒
  
Ɉୱ ൌ
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   
DUHHDVLO\SURYHG>@
1XPHULFDOVHWXS
7KHJRYHUQLQJHTXDWLRQVKDYHEHHQVROYHGXVLQJ WKHILQLWHYROXPH WHFKQLTXH7KH WZRGLPHQVLRQDOJHRPHWU\RI
UHDFWRUKDVP;PVL]H7KHVWDWLFKHLJKWRIVDQGLVPZLWKDYROXPHIUDFWLRQRI
7KHFRPSXWDWLRQDOGRPDLQKDVEHHQGLVFUHWL]HGE\UHFWDQJXODUFHOOVZLWKDWLPHVWHSVL]HRIʹǤͷ ή ͳͲିସVDQG
DPD[ RI  LWHUDWLRQV SHU WLPH VWHS 7KH48,&. 4XDGUDWLF 8SVWUHDP ,QWHUSRODWLRQ IRU &RQYHFWLYH .LQHPDWLFV
VFKHPHKDVEHHQXVHG WRGLVFUHWL]H WKHFRQYHFWLYH WHUPZKLOH WKHVHOHFWHGVROYHUDOJRULWKPLV WKH6,03/(6HPL
,PSOLFLW0HWKRGIRU3UHVVXUH/LQNHG(TXDWLRQV7KHYDOXHRIUHVLGXDOVKDVEHHQVHWWR7KHWDEOHVXPPDUL]HV
WKHSDUDPHWHUVDQGWKHERXQGDU\FRQGLWLRQVXVHGLQWKHILUVWFDVHVWXG\)RUWKHVHFRQGRQHWKHVDPHJHRPHWU\ZLWKD
VPDOOKROHQHDUWKHZDOOKDVEHHQXVHG7KHPHVKLVGLIIHUHQWFRQWDLQVTXDGULODWHUDOFHOOVDQGLVFKDUDFWHUL]HG
E\ DXQLIRUPJULG LQ WKH YHUWLFDO GLUHFWLRQ DQG DQRQXQLIRUPKRUL]RQWDO JULGZLWK WKH ILUVW KHLJKWRI FHOO QHDU WKH
KHDWHGZDOO RI ʹǤͳͷ ή ͳͲିସP LQ RUGHU WR UHVROYH WKH WHPSHUDWXUH JUDGLHQW QHDUZDOO 7KHJULG VL]H LQFUHDVHVZLWK
GLVWDQFHIURPWKHZDOO7DEOHFRQWDLQVWKHWHUPRSK\VLFDOSURSHUWLHVRIWZRSKDVHVIRUWKHFDVH)RUWKLVFDVHWKH
PLQLPXPIOXLGL]DWLRQYHORFLW\KDVEHHQFKRVHQDVYHORFLW\LQOHW7KHERXQGDU\FRQGLWLRQDWWKHKROHLQOHWKDVEHHQVHW
WRPVWRREVHUYHWKHSURGXFWLRQRIEXEEOHDWZDOO7KHUHVXOWVKDYHEHHQFRPSDUHGFRQVLGHULQJWZRGLIIHUHQWYDOXHV
RIJDVWHPSHUDWXUH7KHILJXUHDQGWKHILJXUHVKRZWKHJHRPHWULHVDQGERXQGDU\FRQGLWLRQVIRUERWKFDVHV
 
 
D E
)LJ*HRPHWU\DQGERXQGDU\FRQGLWLRQVDFDVHEFDVH
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7DEOH6LPXODWLRQPRGHOSDUDPHWHUV&DVH
'HVFULSWLRQ 9DOXH &RPPHQW
3DUWLFOHGHQVLW\ɏୱ NJP 6DQG*HOGDUW%
*DVGHQVLW\ɏ୥ NJP $LU
0HDQSDUWLFOHGLDPHWHUୱ ȝP 8QLIRUPGLVWULEXWLRQ
,QLWLDOYROXPHIUDFWLRQߝୱ଴  
5HVWLWXWLRQFRHIILFLHQWୱୱ  )L[HG9DOXH
6XSHUILFLDOJDVYHORFLW\ݑ௦௨௣  Τ  )L[HG9DOXH
+HLJKWRIUHDFWRU P )L[HG9DOXH
6LGHUHDFWRU P )L[HG9DOXH
+HLJKWRIWKHEHG P )L[HG9DOXH
,QOHW%RXQGDU\FRQGLWLRQ 9HORFLW\ 6XSHUILFLDOJDVYHORFLW\
2XWOHWERXQGDU\FRQGLWLRQ 3UHVVXUH2XWOHW 
:DOO%RXQGDU\ 1RVOLS 
7LPHVWHSVL]H ʹǤͷ ή ͳͲିସ V 6SHFLILHG
0D[LPXPQXPEHURILWHUDWLRQ  6SHFLILHG
&RQYHUJHQFHFULWHULD  6SHFLILHG
7DEOH7KHUPRSK\VLFDOSURSHUWLHVRIWZRSKDVHV&DVH
*DV3KDVH 6ROLG3KDVH
ɏ୥ሺʹͲιሻ ൌ ͳǤʹ  ଷΤ  ɏୱ ൌ ʹͷͲͲ  ଷΤ 
୥୫ሺʹͲιሻ ൌ ͲǤͲʹ͸  Τ  ୱ୫ ൌ ͳ  Τ GHSHQGVRQ
PRLVWXUHOHYHO
ɏ୥ሺͺͲͲιሻ ൌ ͲǤ͵ͳ͸  ଷΤ  ୮ ൌ ͹ͻͷ   Τ 
୥୫ሺͺͲͲιሻ ൌ ͲǤͲ͸ͳ  Τ  
୮ ൌ ͻͻͶ   Τ  
5HVXOWVDQGGLVFXVVLRQ
)LJXUH  VKRZV WKH YROXPH IUDFWLRQ RI VROLG $W LQLWLDO FRQGLWLRQ WKH EHG KDV EHHQ IOXLGL]HG E\ D VXSHUILFLDO
YHORFLW\RIPVʹǤͺή୫୤ሻ7KHEHGKHLJKWLQFUHDVHVXQWLODTXDVLVWHDG\VWDWHFRQGLWLRQLVUHDFKHGDIWHUV7KH
PD[LPXPEHGKHLJKWUHDFKHGLVPWKDWFRUUHVSRQGVWRDEHGH[SDQVLRQUDWLRRI6LQJKHWDO>@GHYHORSHG
PDQ\ FRUUHODWLRQV LQ RUGHU WR SUHGLFW WKH EHG H[SDQVLRQ UDWLR RI JDVVROLG IOXLGL]DWLRQ LQ F\OLQGULFDO DQG QRQ
F\OLQGULFDOEHG7KHFRUUHODWLRQRIEHGIOXLGL]DWLRQH[SDQVLRQIRUDQRQF\OLQGULFDOEHGLVWKHIROORZLQJ
ൌ͸ǤͲͻ ൬ ୢ౩
ୈ౛౧
൰
଴Ǥଶସ
൬
୳౩౫౦Ǧ୳ౣ౜
୳ౣ౜
൰
଴Ǥଶ଻
  
$FFRUGLQJWRWKHFRUUHODWLRQWKHYDOXHRI5LVDQGWKHPD[LPXPEHGKHLJKWLVP$WZRGLPHQVLRQDO
EHGH[SDQVLRQLVVXEVWDQWLDOO\JUHDWHUWKDQDWKUHHGLPHQVLRQDORQH
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)LJ&RQWRXUSORWRIVDQGYROXPHIUDFWLRQ൫ୱ୳୮ ൌ ͲǤʹͷ Τ ൯&DVHDݐ ൌ ͲݏEݐ ൌ ͳݏFݐ ൌ ͳǤͷݏGݐ ൌ ʹǤͷݏVHݐ ൌ ͵ǤͷݏIݐ ൌ
ͷݏ

)LJXUHGLVSOD\VDOLQHJUDSKRIWKHSDUWLFOHYROXPHIUDFWLRQDORQJWKHFHQWHUOLQHRIWKHUHDFWRU:KHQWKHYROXPH
IUDFWLRQGHFUHDVHVWKHEXEEOHJURZVYLFHYHUVDZKHQWKHVROLGYROXPHIUDFWLRQLQFUHDVHV$VLPLODUSKHQRPHQRQLV
VKRZQ LQ ILJXUH  ZKHUH D W\SLFDO LQVWDQWDQHRXV ORFDO VROLG YROXPH IUDFWLRQ LV UHSUHVHQWHG 7KH SURGXFWLRQ WKH
JURZWKDQGWKHFROODSVHRIEXEEOHVFKDUDFWHUL]HWKHGHYHORSHGIORZLQWREXEEOLQJIOXLGL]HGEHG

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)LJ6ROLGYROXPHIUDFWLRQDIWHUV
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)LJ,QVWDQWDQHRXVVROLGYROXPHIUDFWLRQ
)LJXUH VKRZV WKHYHFWRUSORWRI VROLGYROXPH IUDFWLRQ ,W FDQEHREVHUYHG WKH UHFLUFXODWLRQRI VDQG LQ WKHDUHD
VXUURXQGLQJWKHEXEEOH7KHSURGXFWLRQDQGJURZWKRIEXEEOHVSURGXFHWKHUHFLUFXODWLRQPRWLRQRIVROLGSKDVH7KLV
SKHQRPHQRQ LV EDVHG RQ WKH IDFW WKDW D ULVLQJ EXEEOH GUDJV SDUWLFOHV LQ LWV ZDNH DQG WKH UHOHDVHG YRLG HPXOVLRQ
SDUWLFOHV DOVR PRYH XSZDUG 7KLV SDUWLFOH IORZ XSZDUG KDV WR EH FRPSHQVDWHG E\ FRUUHVSRQGLQJ SDUWLFOH IORZ
GRZQZDUG

)LJ5HFLUFXODWLRQPRWLRQRIVROLGSKDVH
)LJXUH  VKRZV WKH UHVXOWV IRU VROLG YROXPH IUDFWLRQ SURILOH DIWHU  V DW KHLJKW RI  P ,Q WKLV ILJXUH WKH
V\PPHWU\ RI YROXPH IUDFWLRQ FDQ EH REVHUYHG:KHQ WKH VLPXODWLRQ UHDFKHV WKH TXDVLVWHDG\ VWDWH FRQGLWLRQ WKH
SURILOH RI VROLG YROXPH IUDFWLRQ DORQJ WKH VLGH RI UHDFWRU LV DV\PPHWULF EHFDXVH WKH PRWLRQ RI EXEEOHV EHFRPHV
FKDRWLF
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)LJ/RFDOVROLGYROXPHIUDFWLRQSURILOHDWKHLJKWRIPDQGDIWHUV
)LJXUHGLVSOD\VWKHSUHVVXUHYDULDWLRQVYHUVXVWKHEHGKHLJKW7KHDLUHQWHUVLQWRWKHEHGDWSUHVVXUHKLJKHUWKDQ
DWPRVSKHULFRQHDQGGHFUHDVHVURXJKO\OLQHDUO\IURPERWWRPXSWRDKHLJKWRIDERXWPGXHWRWKHSUHVHQFHRID
KLJK FRQFHQWUDWLRQ RI SDUWLFOHV$W WKH ERWWRP RI WKH EHG WKH VROLG YROXPH IUDFWLRQ LV ODUJH WKHUHIRUH WKH UDWH RI
SUHVVXUHGURSLVODUJHU%H\RQGWKHKHLJKWRIPIUHHERDUG]RQHWKHUHDUHHVVHQWLDOO\QRVROLGSDUWLFOHVDQGWKH
SUHVVXUHLVURXJKO\FRQVWDQW
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)LJ3UHVVXUHYDULDWLRQYHUVXVEHGKHLJKW
,QWKHILJXUHLVVKRZQWKHVROLGYROXPHIUDFWLRQIRUWKHFDVH7KHJDVWHPSHUDWXUHKDVEHHQVHWWR&DQG
WKHEXEEOHRULJLQDWHGLQWKHLPPHGLDWHYLFLQLW\RIWKHKROHDQGQHDUWKHZDOOULVHVWKURXJKWKHEHGGXHWRWKHIDVWLQOHW
VXSSO\LQJDLUDWDUDWHRIPV7KHEXEEOHFRQWLQXHVWRULVHWRZDUGVWKHWRSRIWKHEHG

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2QWKHEHGVXUIDFHWKHEXEEOHVEXUVWHUXSWLYHO\HMHFWLQJWKHSDUWLFOHVIDUWKHEHGVXUIDFH7KHULVLQJRIWKHVHFRQG
EXEEOHLVIDVWHUWKDQWKHILUVWEHFDXVHLW¶VGUDJJHGE\ZDNH
)LJXUHGLVSOD\VWKHKHDW WUDQVIHUFRHIILFLHQWSURILOHDWKHLJKWRIPQHDU WKHZDOO7KHWUDQVLWLRQRIEXEEOH
SURGXFHVWKHGHFUHDVHRIKHDWWUDQVIHUFRHIILFLHQWIRUERWKFDVHV2QFHWKHEXEEOHH[FHHGVWKHKHLJKWRIPWKHKHDW
WUDQVIHUFRHIILFLHQWLQFUHDVHVXQWLODQRWKHUEXEEOHH[FHHGVWKHVDPHKHLJKW:KHQWKHWHPSHUDWXUHRIJDVLV&WKH
YDOXHRIKHDWWUDQVIHUFRHIILFLHQWLVKLJKHUWKDQRQHDW&EHFDXVHWKHYDOXHRIɈ୫LVJUHDWHU7KHSURILOHRIKHDW
WUDQVIHUFRHIILFLHQWGHSHQGVRQWKHULVLQJYHORFLW\RIEXEEOHVZKLFKSURGXFHWKHFROODSVHRIKHDWWUDQVIHUFRHIILFLHQW
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+HDW7UDQVIHU&RHIILFLHQWSURILOHDWKHLJKWRIPIRU7 &DQG7 &

'DYLGVRQ DQG+DUULVRQ >@ XVH D IRUPXOD IRU WKH EXEEOH ULVH YHORFLW\7KLV IRUPXOD LV EDVHGRQ WKH HPSLULFDO
FRUUHODWLRQRI'DYLHVDQG7D\ORU>@DQGRQWKHFODVVLFDOWZRSKDVHWKHRU\RI7RRPH\DQG-RKQVWRQH>@
ݑ஻ǡ௦௜௡௚௟௘ ൌ ߚ ή ͲǤ͹ͳͳඥ݃݀஻  
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ZKHUHߚLVDFRUUHFWLRQIDFWRU
7KHEXEEOHULVHYHORFLW\LVVWURQJO\LQIOXHQFHGE\WKHSUR[LPLW\DQGVL]HRIQHLJKERULQJEXEEOHV&OLIWDQG*UDFH
>@SRVWXODWHGWKDW³WKHYHORFLW\RIDEXEEOHLQDIOXLGL]HGEHGPD\EHDSSUR[LPDWHGE\DGGLQJWRLWVULVHYHORFLW\LQ
LVRODWLRQWKHYHORFLW\ZKLFKWKHSDUWLFXODWHSKDVHZRXOGKDYHDWWKHSRVLWLRQRIWKHQRVHLIWKHEXEEOHZHUHDEVHQW´
7KHUHIRUHWKHPRVWJHQHUDOHTXDWLRQIRUWKHEXEEOHULVHYHORFLW\LV
ݑ஻ǡ௕ ൌ ܻ ή ൫ݑ௦௨௣ െ ݑ௠௙൯ ൅ ݑ஻ǡ௦௜௡௚௟௘  
:KHUHYLVDIDFWRUZKLFKWDNHVLQWRDFFRXQWWKHUHDOLVWLFJDVGLVWULEXWLRQLQWKHEHG
7KHIRUPXODIRUWKHEXEEOHULVHYHORFLW\GHSHQGVRQWKHPLQLPXPIOXLGL]DWLRQYHORFLW\DQGWKHEXEEOHGLDPHWHU$W
KLJK WHPSHUDWXUHV WKH YDOXHV RI GHQVLW\ DQG YLVFRVLW\ RI IOXLGL]LQJ JDV DUH VPDOOHU &RQVHTXHQWO\ WKH PLQLPXP
IOXLGL]DWLRQ YHORFLW\ DW KLJK WHPSHUDWXUHV GHFUHDVHV EXW WKH EXEEOH GLDPHWHU LQFUHDVHV 7KHUHIRUH WKH EXEEOH ULVH
YHORFLW\DQG WKHEHGKHLJKWDUHKLJKHUDWKLJK WHPSHUDWXUHV WKDQDW ORZRQHV7KLVSKHQRPHQRQFDQEHREVHUYHG LQ
ILJXUHZKHUHLVVKRZQWKHFRPSDULVRQEHWZHHQWKHVROLGYROXPHIUDFWLRQDWGLIIHUHQWWHPSHUDWXUHVDIWHUVZKLOH
ILJXUHVKRZVWKHKHDWWUDQVIHUSURILOHDWZDOODIWHUV


D E
)LJ&RPSDULVRQEHWZHHQVROLGYROXPHIUDFWLRQSURILOHDWWZRGLIIHUHQW
WHPSHUDWXUHVDIWHUVWLPHVLPXODWLRQD7 &E7 &

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
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